
                          Ríos de Anda, I., Coutable-Pennarun, A., Brasnett, C., Whitelam, S.,
Seddon, A., Russo, J., Anderson, J. L. R., & Royall, C. P. (2021).
Decorated networks of native proteins: nanomaterials with tunable
mesoscopic domain size. Soft Matter, 17(28), 6873-6883.
https://doi.org/10.1039/d0sm02269a

Publisher's PDF, also known as Version of record
License (if available):
CC BY-NC
Link to published version (if available):
10.1039/d0sm02269a

Link to publication record in Explore Bristol Research
PDF-document

This is the final published version of the article (version of record). It first appeared online via Royal Society of
Chemistry at https://pubs.rsc.org/en/content/articlelanding/2021/sm/d0sm02269a#!divAbstract . Please refer to
any applicable terms of use of the publisher.

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the
published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/

https://doi.org/10.1039/d0sm02269a
https://doi.org/10.1039/d0sm02269a
https://research-information.bris.ac.uk/en/publications/d80bb533-846c-4e44-9ed7-82681870edac
https://research-information.bris.ac.uk/en/publications/d80bb533-846c-4e44-9ed7-82681870edac


This journal is © The Royal Society of Chemistry 2021 Soft Matter

Cite this: DOI: 10.1039/d0sm02269a

Decorated networks of native proteins:
nanomaterials with tunable mesoscopic domain
size†

Ioatzin Rı́os de Anda, *ab Angélique Coutable-Pennarun,cd Christopher Brasnett,a

Stephen Whitelam, e Annela Seddon,af John Russo,bg J. L. Ross Andersondh and
C. Patrick Royall aijk

Natural and artificial proteins with designer properties and functionalities offer unparalleled opportunity

for functional nanoarchitectures formed through self-assembly. However, to exploit this potential we

need to design the system such that assembly results in desired architecture forms while avoiding

denaturation and therefore retaining protein functionality. Here we address this challenge with a model

system of fluorescent proteins. By manipulating self-assembly using techniques inspired by soft matter

where interactions between the components are controlled to yield the desired structure, we have

developed a methodology to assemble networks of proteins of one species which we can decorate with

another, whose coverage we can tune. Consequently, the interfaces between domains of each

component can also be tuned, with potential applications for example in energy – or electron – transfer.

Our model system of eGFP and mCherry with tuneable interactions reveals control over domain sizes in

the resulting networks.

1 Introduction

Complex, hierarchical, materials with long-range ordering,
comprised from building blocks at the nano- and micro-scale
can be obtained by controlling self-assembly, through careful
manipulation of the interactions between the assembling
components.1–3 If the constituents of such structures exhibit
useful optical, magnetic, electric, chemical or biological proper-
ties, then the assemblies formed hold great potential for a

myriad of applications including photonics, energy transfer
and storage, catalysis, drug delivery and tissue scaffolding.4–9

Perhaps the greatest source of inspiration for design and
construction at the nanoscale is nature itself. The exquisite
level of complexity, specificity, efficiency and sophistication
of systems found in nature makes their building blocks (pro-
teins, nucleic acids, carbohydrates and lipids) an attractive
possibility to be exploited for new materials. Of these building
blocks, proteins exhibit the largest diversity of structure and
function and thus have the greatest potential to be exploited as
the functional components for novel nanostructured
materials.5–8,10–13 They are capable of carrying out structural,
catalytic, transport, packaging, optical, specific recognition,
electrical, information storage and metabolic functions.5,6

Among synthetic materials, dispersions of colloids and
nanoparticles self-assemble to a very wide variety of structures,
which can be controlled by tuning the interactions between the
particles.14 Similarly interactions between proteins determine
the structures into which they assemble.15–20 Here we take
inspiration from self-assembly of soft matter systems such as
colloids in the context of protein assembly to form a 3d network
of a binary protein system.

In nature, assembly of proteins into networks is often
avoided, so that a condensed phase is formed only if (i) they
have evolved to do so (i.e. compartmentalised structures like
carboxysomes or viral capsids), if (ii) mutations lead to mis-
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folding or to interactions that produce aggregation, or if (iii)
changes in the medium (i.e. ionic strength or significant
changes in temperature or pH) occur.16,19,21,22 In the latter
two scenarios, the proteins may lose their functionality.
Furthermore, unlike most gel networks found in nature, here
we aim to produce an architecture with a binary system in
which the domain size of each species can be controlled. By
incorporating multi-enzyme cascades, light harvesting arrays
and electron transfer proteins, such multicomponent networks
hold great potential as advanced materials for catalysis, energy
transduction and small scale electronics.

While so-called bigels of two distinct unconnected, mixed or
bicontinuous networks have been produced with colloids,23

(denatured) proteins24 and in simulations with patchy
particles,25 here our focus is on a single network of two
components, where we can control the assembly such that
the domain size and hence the interfaces between domains
can be tuned. In particular, we aim to self-assemble decorated
protein networks formed by distinguishable protein domains,
where these preserve their native structure. The fluorescent
proteins enhanced green fluorescent protein (eGFP) and
mCherry were chosen as the model system due to the ease of
monitoring the assembly process with fluorescent microscopy.

To assemble these structures, we develop a strategy to
control the interactions of each species independently, similar
to Immink and collaborators.26 Here, we exploit the effects of
salts on protein solutions,18,27–29 based on specific salt–protein
interactions. Trivalent ions have been shown to selectively
interact with the surface-exposed carboxylic groups of the
acidic residues of the proteins, which in turn, leads to gelation
or crystallisation.30–32 Thus, by effectively modifying the surface
of the proteins, we provide the specificity required to gain
control over their self-assembly at mesoscopic lengths of tens
of nanometers and upwards. We also use nonspecific interac-
tions via the addition of ammonium sulphate so that we have
two methods to control the interactions between the proteins.

Since the specific interactions are controlled by trivalent
ions (here Y3+) which interact with a negatively charged protein
(eGFP), the non-specific protein (mCherry) is cationised such
that it should be independent of the yttrium. This leads to a
binary protein system with opposite charges which can then
weakly associate. Therefore our strategy to assemble the binary
network is to first assemble the eGFP into a backbone of the
network and then to decorate this backbone with mCherry,
which we assemble by addition of ammonium sulphate.
Depending on the concentration of mCherry, we find different
mechanisms of assembly of the mCherry which provides a
means to tune the coverage of the eGFP network. As such, the
strategies proposed herein represent a promising route to yield
a new type of functional biomaterial, a multicomponent 3d
network whose domains could have enzymatic, electron or
energy transfer properties for example.

Our work is organised as follows. In Section 2 we describe
the methods followed. In Section 3 we present and discuss our
results. We start by showing the increment in the specificity of
protein–salt interactions to gain sufficient control over the

gelation process. This is followed by studying the nature and
strength of the protein–salt interactions in the presence of
different salt concentrations using small-angle X-ray scattering
(SAXS). Once we stablished the interactions, we then proceed to
assemble the desired structures, following the proposed two-
step addition of native and modified proteins to different salts,
along with the structure characterisation using confocal laser
scanner microscopy. We then implement our strategy for
different protein compositions to tune the protein domain
sizes within the network and propose a mechanism for our
findings. Finally, we study quantify the structure of our deco-
rated networks via their fractal dimension. In Section 4 we
summarise our conclusions.

2 Methods
2.1 Cellular culture for the expression of eGFP

Escherichia coli BL21 (DE3) competent (able to receive DNA)
cells were previously transformed with the DNA plasmid-
pET45b(+)-eGFP. First, a mini-culture was prepared by inocu-
lating 100 mL of lysogeny broth (LB) of nutrients and the
antibiotic carbenicillin (50 mg mL�1) with E. coli. The culture
was left to grow for 16 h at 37 1C and 180 rpm. 20 mL of this
culture were then used to inoculate 1 L of LB containing
carbenicillin (50 mg mL�1), which was left to grow under the
same previous conditions. The optical density (OD600nm)
was monitored to a value of 0.5–0.6, when the production of
eGFP was induced by adding 1 mM of Isopropyl b-D-1-
thiogalactopyranoside (IPTG). After 1 h of induction time, the
temperature was changed to 30 1C. After 16 h of incubation, the
cell culture was centrifuged at 4500g for 15 min at 4 1C. The
supernatant obtained was discarded and the pellet was resus-
pended in a lysis buffer (20 mM imidazole, 300 mM NaCl and
50 mM potassium phosphate at pH 8.0) and stored at �20 1C.33

2.2 Cellular culture for the expression of mCherry

Escherichia coli BL21 (DE3) competent cells were previously
transformed with the DNA plasmid pBADmCherry. A mini-
culture was prepared under the same conditions as for the
expression of eGFP. Equally, 20 mL of said culture were used to
inoculate 1 L of LB with 50 mg mL�1 carbenicillin, which was
then incubated as before. In this case the OD600nm of the
culture was closely monitored until it reached a value between
0.6–0.8, when mCherry expression was induced by adding
L-arabinose from a 20% stock solution for a final concentration
of 0.2% (w/v).34 The rest of the steps followed are the same as
the ones described above for eGFP.

2.3 Purification of fluorescent proteins

The purification of both proteins followed the same protocol.
Cell pellets were thawed and kept on ice, broken down by lysis
using 3 sonication cycles of 30 seconds (Soniprep 150
plus MSE) and centrifuged at 18 000 rpm (Sorvall SS34 rotor)
at 4 1C for 30 min. The supernatant was recovered and filtered
through a 0.22 mm syringe filter (Millipore) and injected to a
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nickel–nitrilotriacetic acid (Ni–NTA) agarose column (Qiagen)
connected to an ÄKTA START purification system (GE Health-
care). The column had been previously equilibrated with the
lysis buffer mentioned above.

After the protein solution addition, the bound fluorescent
proteins were washed with the same lysis buffer to elute
unbound proteins. eGFP and mCherry were later eluted with
a linear gradient (0–100%) of a 500 mM imidazole, 300 mM
NaCl, 50 mM potassium phosphate buffer at pH 8. The recov-
ered proteins were dialysed against dH2O for 16 h using a
10MWCo dialysis membrane. Finally, the proteins were col-
lected and stored at �20 1C.

2.4 Concentration of fluorescent proteins

Dialysed proteins were filtered through a 0.22 mm syringe filter
(Millipore) and concentrated by reducing a volume of B30 mL
to B1 mL using protein 30 kDa concentrators (ThermoFisher
Scientific) at 5000 rpm and 4 1C for the time required to reach
the desired volume. The protein concentration was determined
by measuring the absorbance at leGFP = 488 nm and lmCherry =
587 nm, using molar extinction coefficients values of eeGFP =
56 000 M�1 cm�1 35 and emCherry = 72 000 M�1 cm�1.36

2.5 Network formation of native and cationised eGFP and
mCherry with yttrium chloride

Different yttrium chloride (YCl3, Sigma Aldrich) concentrations
(1, 2, 5, 10, 50 mM) were added from stock solutions to 30 mL of
7 mg mL�1 solutions of native and cationised proteins, sepa-
rately. The solutions were mixed in a vortex and analysed
immediately after.

2.6 Network formation of eGFP with native and cationised
mCherry with ammonium sulphate

Different amounts of ammonium sulphate, (NH4)2SO4, Sigma
Aldrich) were increasingly added to a 100 mL of 7 mg mL�1 total
mixture of eGFP and native mCherry to reach final salt con-
centrations from 0.3 to 3 M. Additionally, to test its effect on
modified proteins, (NH4)2SO4 was added to 50 mL of 7 mg mL�1

solutions of cationised mCherry (see section below) for a final
concentration of 3 M of the salt. All samples were vortexed and
analysed immediately after.

2.7 Cationisation of mCherry

Protein cationisation was performed through the addition of a
stock solution of hexamethylenediamine (HMDA, Sigma
Aldrich) at a pH 6.0–6.5 whose concentration was 10 times that
of the protein solution to 10 mL of a known concentration of
native protein solution. The pH was adjusted to 6.0–6.5 with
HCl 1 M. An equal concentration to the protein of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC, Sigma Aldrich) was
added to the reaction at two different times: half of the required
reagent was added after HMDA and the remaining half after
B3 h of reaction. The pH was monitored constantly and
adjusted to 6.0–6.5 as required for the first 6 h. The mixture
was left stirring at room temperature overnight (B18 h).37

Finally, the solution was filtered through a 0.22 mm syringe

filter to remove any precipitates, dialysed against dH2O for
24 h and concentrated following the same procedure described
before.

2.8 Electrophoretic mobility measurement

We followed Roosen-Runge et al.31 to determine the effective
charge of our proteins. We performed electrophoretic mobility
me measurements in a Zetasizer Nano ZS (Malvern, UK) at a
detector angle of 131 and a 4 mW 633 nm laser beam. Using
electrophoretic light scattering (ELS) via phase analysis light
scattering (M3-PALS), the me of the proteins is determined as an
external electric field is applied. The zeta potential z for a
spherical particle with radius a is then given by the equipment
following:

me ¼
2ezf ðkaÞ

3Z
(1)

where e is the dielectric constant of the medium, Z is the
viscosity of the medium and f (ka) is the Henry function
evaluated at ka (ratio of the particle size and the Debye length).
The surface charge density s can be obtained via the reduced
zeta potential ~z = (ez)/(2kBT) through:31

se
kBT

¼ 2ek sinh2
~z
2

 !
þ 2

ka
tanh2

~z
4

 !
þ 8

ðkaÞ2 ln cosh
~z
4

 ! !" #1=2

(2)

Finally, the effective surface charge of the protein–salt complex
can be calculated via

Q = 4pa2s (3)

As indicated by Roosen-Runge and collaborators,31 this
approach assumes a spherical shape for the proteins and an
isotropic ion distribution on their surfaces. This is not the case
for our model proteins, and as such, the charges calculated
should only be considered as effective charges suitable to
understand the phenomena observed in our experiments.

All measurements were performed at 20 1C using 1 mL of
2 mg mL�1 of native and modified proteins in a NaCl 10 mM
solution adjusted at a pH 7.4 with dropwise additions of either
0.1 M HCl solution or 0.1 M NaOH solution.

2.9 Size exclusion chromatography purification

Size exclusion chromatography purification was carried out for
small angle X-ray scattering analysis of both proteins. eGFP and
cationised mCherry were concentrated to B3 mL in a 25 mM
Tris–base 150 mM NaCl buffer at pH 7.4. The proteins were
applied to a HiLoad Superdex 75 16/600 size exclusion column
using ÄKTA START purification system (GE Healthcare) pre-
equilibrated with the same buffer. Protein elution was mon-
itored at 280 nm.

2.10 Small angle X-ray scattering measurements

Small angle X-ray scattering measurements were done on 25 mL
of 10 mg mL�1 of both eGFP and cationised mCherry in a
25 mM Tris–base 150 mM NaCl buffer at pH 7.4, with
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increasing concentrations of YCl3 and (NH4)2SO4, respectively.
All measurements were performed on a SAXSLAB Ganesha 300XL
instrument with a wavevector q range of 0.006–0.30 Å�1. Samples
were studied as prepared and no concentration corrections from
potential protein aggregation were pursued. Background correc-
tions were made with both an empty capillary, and with capillaries
containing the same buffer and the corresponding salt concentra-
tions. All the data were fitted using the SasView version 4.0
software package.38

2.11 Decorated network formation of native and cationised
proteins

In order to form the desired decorated network, we propose a
two-step condensation mechanism, where we precipitate one
protein first, followed by the addition and subsequent con-
densation of the second protein. Our methodology is as follows:
first, an eGFP backbone gel was formed by adding 5 mM YCl3 as
described above to a 4 mg mL�1 solution of only eGFP. Then
(NH4)2SO4 was added and dissolved for a final concentration of
3 M. Finally, 4 mg mL�1 of cationised mCherry were added to
the solution, mixed for 5 min and analysed immediately. The
final total protein concentration was kept at 8 mg mL�1. Three
more samples following this protocol were prepared where the
mass ratio of eGFP : cationised mCherry was varied to 2 : 1, 5 : 1
and 10 : 1.

2.12 Imaging of the protein networks

All samples were confined to capillaries with a square cross-
section of 0.50 � 0.50 mm (Vitocrom) and sealed on the ends
with Norland 61 optical adhesive. Confocal laser scanning
microscopy Leica TCS with a white light laser emitting at
500 nm was used to study any gelation, using a NA 1.4 63�
oil immersion objective, with a resolution of 0.1 mm in x and y
and 0.6 mm in z. The channels used for the proteins were
488 nm for eGFP and 587 nm for native and cationised
mCherry. Scans of the capillary in the z-axis were also acquired
to analyse the network structure in 3d, where care was taken to
assure the pixel size was equal in all axes (100 nm per pixel).
Images of the binary networks were deconvolved with Huygens
Professional version 15.05 (Scientific Volume Imaging, The
Netherlands, http://svi.nl).

2.13 Analysis of the mixing and domain sizes of eGFP and
cationised mCherry in the binary networks

A 3d scan of the networks was obtained and analysed indivi-
dually to measure the percentage of mixing and de-mixing of
the proteins in the binary network, along with the sizes of de-
mixed domains. Care was taken to obtain images with the same
sizes and the intensities of the images was normalised for all of
them. Then, the pixels were classified according to their
intensities as yellow (mixed proteins), green (eGFP) and red
(cationised mCherry). Different intensity thresholds were tested
to optimise the results. The percentage of each colour was
obtained to study the mixing of the proteins. Additionally,
the volumes of the identified regions of individual proteins
(de-mixed domains) were measured by counting the number of

pixels on said domains, which were then converted to mm3

using the pixel size.

2.14 Fractal dimensions of the mixing and domain sizes of
eGFP and cationised mCherry in the binary networks

The fractal dimension, df, describes how the number N of
domains i identified as eGFP, cationised mCherry or mixed
proteins, depend on their domain size, i.e., their radius of
gyration, Ri

g, following:39

df ¼
logðNiÞ
logðRi

gÞ
(4)

Ri
g is here defined as the averaged squared distance between the

position vector of the kth domain, rk, and its mean position,
rmean, given by:39

Ri
g

� �2
¼ 1

Ni

XN
k¼1
ðrk � rmeanÞ2 (5)

3 Results and discussion

We present our results and discussion in four main sections.
The first section corresponds to tuning the protein–protein
interactions to gain sufficient control over the assembly process
using small-angle X-ray scattering (SAXS). We then proceed to
assemble the desired structures following the two-step process
of assembling a network of eGFP which is subsequently deco-
rated with mCherry. In the third section, we demonstrate
tuning of the protein domain sizes within the network. Finally,
we obtained the fractal dimension of the decorated networks to
characterise their structure.

3.1 Controlling specificity of protein interactions

To suppress non-specific interactions between the salts and the
proteins, we require high protein–salt specificity. To achieve
this, we focus on yttrium chloride (YCl3).31 While iron chloride
would in principle be an alternative, precise control over the pH
during the assembly process is important and we are more
confident of this with YCl3. The results are illustrated in Fig. 3a
and Fig. S1a (ESI†) where eGFP forms a network readily upon
the addition of Yttrium Chloride.

So that the yttrium chloride only interacts with the eGFP, we
cationise the mCherry, which suppresses its interaction with
the metal cation due to the positive charge on the protein
resulting from the cationisation. We determined the cationised
mCherry (c-mCherry) z-potential at pH = 7.4 and calculated its
effective surface charge Q31 (see Methods section for further
details). We observed a charge inversion for the cationised
mCherry (zc-mCherry = +9.3 mV and Qc-mCherry = +7.51 e)
from its native negative counterpart (zmCherry = �7.0 mV and
QmCherry = �5.90 e).

To test if we have effectively ‘‘blocked’’ the interaction
between YCl3 and c-mCherry, we mixed solutions of c-
mCherry against the same concentrations of salts as for the
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eGFP. We did not observe any assembling for the c-mCherry at
any concentration of YCl3 up to 50 mM as shown in Fig. S2a
(ESI†). Finally, we demonstrated assembly through non-specific
interactions using ammonium sulphate,29 (NH4)2SO4. To desta-
bilise c-mCherry, we added 3 M of ammonium sulphate to a
7 mg mL�1 solution of the protein. Images of the results
obtained are shown in Fig. 3b and Fig. S2b (ESI†) where the
cationised protein formed networks whilst retaining its fluor-
escent properties.

We thus obtained a system where eGFP forms a network
through specific interactions with YCl3, whereas the cationisa-
tion of mCherry successfully modified the net charge of the
protein from negative to positive and the assembly of the
cationised protein with said salt was effectively avoided. How-
ever, the non-specific interactions with ammonium sulphate
were not affected and c-mCherry assembled readily with this
salt. We used these specific and differential interactions to
yield the decorated networks.

3.2 Determination of protein–protein interactions

In order to determine the interactions in our system, we
conducted small-angle X-ray scattering (SAXS) studies on pro-
tein solutions (10 mg mL�1) with different salt concentrations:
eGFP with YCl3 and c-mCherry with (NH4)2SO4, all below the
precipitation concentration. We chose to consider solutions
below the precipitation concentration because under these
conditions it is possible to relate the protein–protein interac-
tions to the static structure factor S(q).14 Additionally, we
further purified the proteins through size exclusion chromato-
graphy to eliminate any impurities that might interfere with the
measurements. However, we did not filter the samples after salt
addition and thus they were studied as prepared. We consider
solutions of one species only for simplicity and also because
each species is in solution at different stage of the assembly

sequence (Fig. 1). Further details are given in the Methods
section. The scattering intensity, I(q) is related to the product of
the form factor P(q) and the static structure factor S(q). I(q) =
fVprotein(Dr)2P(q)S(q) where f is the volume fraction of the
proteins, Vprotein is the volume of the protein, Dr is the
difference in scattering length density between the proteins
and its supporting solvent. Under certain assumptions, the
structure factor is uniquely determined by the pair interaction
potential between the proteins.18,40,41

The scattering intensities for eGFP and c-mCherry are shown
in Fig. 2a and c, respectively. It has been previously found that
interactions in globular protein solutions in the presence of
salts resemble those of charged particles with short-range
attractive potentials.30–32,42–44 In our system, in the absence
of added salt we obtain a system with electrostatic repulsions.
When the salt concentration is increased, we find a reduction
of the strength of the repulsive interactions due to attractions
between the proteins by either forming bridges (YCl3)30–32,43 or
by decreasing their solubility through non-specific interactions
((NH4)2SO4).29,45

In order to determine these interactions we first fitted our
SAXS data with a cylindrical form factor46 to obtain information
on the dimerisation and aggregation of small numbers of
proteins. The results obtained are shown in Fig. 2a and c and
in Tables SI and SII (ESI†), where we found different behaviour
for each protein. It is worth noting that we sought to describe
the protein–salt behaviour in our gel formation strategy, thus,
we did not filter any of the samples to eliminate small aggre-
gates, nor did we perform any concentration corrections in the
data to account for the possible formation and precipitation of
the former.

Previous work on eGFP revealed that the protein exists in
dimers.46 When no YCl3 is present, SAXS data indicates the
presence of cylinders with a diameter of 30 Å and lengths of

Fig. 1 Strategy to yield decorated protein networks. (a) Specific interactions of trivalent Y3+ ions and eGFP and protein surface modification
(cationisation) of mCherry are exploited to provide and control the specificity of protein–salt interactions to yield a decorated network with
distinguishable protein domains. (b) Two-step design methodology, where a backbone network of eGFP is formed first, followed by its decoration
with cationised mCherry domains.
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B80 Å, consistent with dimers as illustrated in the inset in Fig. 2a
(Table SI, ESI† and Fig. 2b). As the concentration of YCl3 is
increased, the length of the cylinders we fit also increases,
indicating protein association. This is also shown as an upturn
in S(q) at low wavevector q in Fig. 2a. To fit this q range we used
the product of the cylinder form factor and the Ornstein–Zernike
(OZ) form for the structure factor. We obtained the correlation
length, x, of the density fluctuations, which we interpret as
transient clusters, using S(q) B [1 + (qx)2]�1.47 The results are
shown in Fig. 2b, where we found an increase in the correlation
length x as the salt concentration is increased. However, we do
obtain large errors for these fittings. We then can only interpret
these results as an indication of sequential protein association,
following yttrium ions bridging.30 The fitted parameter for the
form factor and structure factor indicate we have charge-stabilised
eGFP dimers between which the repulsion is decreased as YCl3 is
added to the system as illustrated in the inset in Fig. 2a.

On the other hand, c-mCherry presents a completely differ-
ent behaviour upon addition of ammonium sulphate. Our form
factor fitting where no salt is present in the protein solution
indicates the presence of monomers of B32 Å diameter and
length of B50 Å, consistent with monomers of mCherry48 (see
Table SII, ESI† and inset in Fig. 2c). The small size increase is
likely due to the cationisation. For c-mCherry, blue we only
observe a change of the form factor when a high salt concen-
tration (close to the gel formation concentration of 1.6 M) is
added to the system, as shown in Fig. 2d. Moreover, there is a
lack of an increase in intensity at low q as observed for eGFP

and the cylinder form factor alone is enough to describe c-
mCherry. The upturn observed is independent of the salt
concentration and is likely due to aggregates formed during
sample manipulation. It is worth highlighting the big differ-
ence on the background signal at high q for salt concentrations
above 0.75 M (Fig. 2c). Further investigation in this respect,
showed this signal came from some protein denaturation.
However, we still observed significant chromophore fluores-
cence of this protein even at much higher salt concentrations,
as shown in the previous section. Due to the presence of salts
and the formation of aggregates, we faced limitations to assess
protein stability via conventional techniques such as circular
dichroism, for example. Thus, to further investigate the level of
protein folding of cationised mCherry, we measured its the
emission fluorescence at different temperatures. This repre-
sents a sensitive metric of structural integrity as the chromo-
phore hydrolyses when exposed to water.49 The results are
shown in Fig. S3 in the ESI,† where a clear decrease of emission
signal is observed as the temperature is increased, and it is lost
above 80 1C. From these results we can conclude that the
unfolded protein looses its fluorescence and will not contribute
to the signal observed in the gels.

Thus, unlike eGFP where association and dimerisation
is controlled continuously by adding YCl3, in the case of
c-mCherry, we have charge-stabilised c-mCherry monomers
whose attraction is only abruptly increased when a sufficiently
large amount of (NH4)2SO4 is added to the solution, as illu-
strated in the sketch in Fig. 2b.

Fig. 2 Determining protein–protein interactions with small angle X-ray scattering (SAXS). (a) and (c) SAXS scattering intensity with a cylinder and a
Ornstein–Zernike model fitting for 10 mg mL�1 protein solutions of eGFP with different YCl3 concentrations and a cylinder fitting of cationised mCherry
with various (NH4)2SO4 concentrations, respectively. (b) Evolution of the lengths of the protein dimers and small aggregates and correlation lengths, x of
eGFP at different YCl3 concentrations. (d) Evolution of the length of cationised mCherry as (NH4)2SO4 concentration is increased.
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3.3 Two-step formation of decorated protein networks

As outlined in the introduction, we first assemble a network of
eGFP via the specific interactions of the trivalent salt, and then
decorate with c-mCherry via the addition of the nonspecific
ammonium sulphate interactions. Building on our investiga-
tion of the interactions between the proteins discussed above,
to assemble a robust eGFP backbone network, we prepared a
system of eGFP at 4 mg mL�1 with a trivalent salt concentration
of YCl3 at 5 mM. The resulting network is shown in Fig. 3a. We
also tested the stability of this network in the presence of
ammonium sulphate. The structure is shown in Fig. S4 (ESI†),
where we do not observe major changes in the gel structure in
comparison with the gels shown in the figure mentioned
before. We proceeded to prepare an c-mCherry solution at 4
mg mL�1 and tested its assembly first in the absence of the
eGFP, using a saturated ammonium sulphate concentration of
3 M to ensure full aggregation, as shown in Fig. 3b.

We assemble the decorated network, as follows. To the eGFP
network (volume 15 ml), we added ammonium sulphate and
then c-mCherry solution (volume 5 ml), such that the concen-
trations in the final solution of (volume 20 ml), was 4 mg mL�1

for both the eGFP and mCherry, 5 mM for the YCl3 and 3 M for
the (NH4)2SO4. The results of this approach are shown in Fig. 3c
and d, where we can observe a backbone eGFP network deco-
rated with c-mCherry.

3.4 Tuning the coverage of the backbone eGFP network with
cationised mCherry

The eGFP network coverage exhibits clearly identifiable
domains of both eGFP and c-mCherry. This indicates that they
are at least predominantly composed of one of the proteins.

To confirm that the structures found are indeed 3d networks in
Fig. 3c inset we show a 3d rendering of confocal microscopy
image data where we see percolation in all three dimensions. It
is worth highlighting that the elongation in the z plane is
related to the limited optical resolution.

Thus, the strategy proposed successfully produced deco-
rated networks with distinctive protein domains. However,
there are still large yellow areas (overlay of green and red
channels), indicating that c-mCherry deposited directly on the
surface of the preexisting eGFP network which we will refer as
‘‘mixture’’ below. Both observations are clearer at higher mag-
nifications (Fig. 3d).

We further confirmed that the strategy followed above to
increase salt–protein specificity is indeed required to yield the
decorated structures. Rather than the two-step approach of
decorating a gel of eGFP and then adding mCherry, we mixed
solutions of eGFP and mCherry and added several (NH4)2SO4

salt concentrations. The results are shown in Fig. S5 in the
ESI.† No assembly occurs before 1 M of (NH4)2SO4, and
we only start to find clusters of B5 mm formed solely by eGFP
up to 1.5 M of (NH4)2SO4. However, we start observing
co-precipitation of the proteins at a salt concentration of
1.6 M (NH4)2SO4, where the proteins are indistinguishably
mixed on the lengthscales we access. This is more evident as
the salt concentration increases. Full co-precipitation is
observed at 3 M of (NH4)2SO4.

This coprecipitation is due to non-specific interactions
between the proteins due to the addition of (NH4)2SO4. Indeed,
the isoelectric point and acidic surface residues of the two
proteins are similar and only a few salt (Ca2+ and SO4

2�)
specific sites are present in eGFP, as shown in Table SIII
(ESI†).50,51 One of these is a site for a sulphate group for eGFP.‡

Fig. 3 Deconvolved confocal images of individual and decorated eGFP and cationised mCherry networks. (a) eGFP network formed through the
addition of yttrium chloride. (b) Cationised mCherry network formed by adding ammonium sulphate. (c and d) Confocal images of the expected
decorated gel networks with distinctive eGFP (green) and cationised mCherry (red) domains. 4 mg mL�1 of eGFP were mixed on their own with 5 mM of
yttrium chloride to form a gel. 3 M of ammonium sulphate is added followed by 4 mg mL�1 of cationised mCherry at pH = 7. Inset in (c) rendering of a
binary network from confocal microscopy images showing a percolating structure in 3d. Scale bars = 10 mm.
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Therefore, choosing salts with specific protein interactions and
the modification of the surface of the proteins carried out above
are essential for the successful decorated network formation.

Having assembled the desired architecture, we then investi-
gated whether we could control the coverage of the eGFP
network and the domain sizes of eGFP and c-mCherry. To do
this, we decreased the concentration of c-mCherry to 0.5, 0.2,
and 0.1 of the eGFP concentration, which was kept at 4 mg
mL�1, similar to the strategy proposed by de las Heras et al. on
simulations of binary mixtures of patchy spheres.25 Fig. 4a
shows the percentages of protein domains identified as eGFP
(green), c-mCherry (red) and mixture (yellow) according to the
different eGFP:c-mCherry composition. Unexpectedly, as we
decreased the amount of c-mCherry, the percentage of domains
identified as eGFP also decreased slightly, whereas the percen-
tage of mixed network increased (Fig. 4a), making almost
half of the network composition when the eGFP : c-mCherry
ratio is 10 : 1. The small decrease of eGFP coverage suggests
that the increase in mixing occurs mainly at expense of indivi-
dual domains of c-mCherry, however, we would expect to see a
more significant reduction of the regions identified as eGFP
domains.

Finally we measured the sizes of the eGFP, c-mCherry and
mixture domains to see if their distribution also changed with the
different ratios of protein concentration tested. To carry out this
analysis, the neighbours of pixels identified as a particular
domain type were counted and the number of pixels per domain
was obtained. The resulting probability distribution functions are
shown in Fig. 4b, where the left panel shows the size distribution
of eGFP domains, the centre one corresponds to c-mCherry and
the right panel pertains to the domains of mixed proteins.

The plots show that as the concentration of c-mCherry is
decreased, the amount of small domain sizes also decreases for
eGFP and mixed protein regions. Such reduction in domain
sizes is more evident at 5 : 1 and 10 : 1 protein ratios (pink and
turquoise colours, respectively in Fig. 4b). However, c-mCherry
shows a different behaviour, with a general reduction of the
amount of protein domains consistent with the previous ana-
lysis. A reduction of the sizes of eGFP and mixed protein
domains, but not of eGFP gel coverage, might be a consequence
of non-homogenous and more scattered deposition and mixing
of c-mCherry as its concentration is reduced. Thus, the sizes of
protein domains and the protein mixing can be manipulated by
modifying the composition of the system.

3.5 Two mechanisms for network decoration

This unexpected behaviour of increasing protein mixing by c-
mCherry upon decreasing the concentration suggests that more

Fig. 4 Control over eGFP gel coverage with cationised mCherry. (a) Comparison of individual regions of eGFP (green), cationised mCherry (red) and
mixture (yellow) in the binary network when the eGFP : cationised mCherry concentration ratio of the proteins is varied from 1 : 1, 2 : 1, 5 : 1, 10 : 1. (b)
Comparison of the distribution of the domain volume size of individual regions of eGFP (left), cationised mCherry (centre) and mixture (right) in the
decorated networks. The eGFP : cationised mCherry concentration ratio is varied from 1 : 1 (pink), 2 : 1 (purple), 5 : 1 (blue) and 10 : 1 (turquoise). (c) and (d)
Cationised mCherry competition between forming clusters before their deposition (c: c-mCherry rich) or depositing directly on the pre-existing eGFP
backbone (d: c-mCherrry poor).

‡ However the observation of the presence of these specific sites is related to the
crystallisation process followed to determine the crystal structure in the PDB,50

and there may well be similar sites on mCherry.
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than one mechanism of c-mCherry assembly onto the network
is at play. We propose the following.
� If the amount of regions identified as c-mCherry increases

or remains the same as the quantity of this protein is reduced,
there may be a preference for aggregation between like proteins
(eGFP–eGFP and c-mCherry–c-mCherry). This might occur
because at high concentrations c-mCherry is more likely to
encounter more protein of its kind in solution. As a result,
before depositing on the surface of the pre-existing eGFP gel,
c-mCherry will aggregate with itself, forming small clusters, as
illustrated in Fig. 4c (c-mCherry rich).
� On the other hand if the protein mixing increases as less c-

mCherry is added, then the likelihood of c-mCherry to come in
contact with eGFP increases since there is now less c-mCherry
available in solution, and thus the precipitating c-mCherry will
deposit directly on the surface of the pre-existing eGFP gel.
This mixing and deposition is non-homogenous, leading to
small domain sizes of both eGFP and mixed protein [Fig. 4d
(c-mCherry poor)].

We believe that the c-mCherry coverage as a function of
reducing the quantity added may be due to a competition
between these two different extreme scenarios arising from

varying the concentration of c-mCherry solely. At high c-mCherry
concentrations, like-protein encounters dominate with individual
domains of c-mCherry forming, prior to decorating the eGFP
network. However, as we decrease the concentration of c-mCherry,
then eGFP–c-mCherry encounters seem to dominate and the latter
preferentially mixes with the eGFP gel, leading to smaller domain
sizes of individual proteins.

3.6 Gel fractal dimensions

Since our gels are constituted by individual and mixed domains
of two proteins, we can describe their structure through the
connectivity of the eGFP, c-mCherry and mixed clusters via
their fractal dimension, df.

52–54 As discussed in the previous
section, the size distribution of domains changes according to
the different protein concentrations used, thus, df can also give
information about how the overall gel structure might be
altered by changing the amount of protein. The values obtained
for the df of each domain are plotted in Fig. 5b according to the
eGFP : c-mCherry ratio tested. All the values obtained lay within
a range of 2.2–2.6, consisting with df B 2.5 characteristic of
percolating clusters, where the structure expands in 3d without
filling all the available space.52,53,55 Additionally, this value of df

is closer to gels pertaining to the reaction-limited cluster
aggregation (RLCA) regime (df B 2). This classification is based
on the kinetics of cluster aggregation, and for the case of RLCA,
the formation rate is limited by the probability of particles
bonding upon collision.56 These results further support our
picture of the two mechanisms at play for the network decora-
tion, where the preferential aggregation of c-mCherry with
other c-mCherry in solution or with the pre-existing eGFP gel
depends on the likelihood of the protein finding one or the
other first. Despite of the changes in gel composition, we do not
observe significant variation on the df for any of the different
protein ratios. This might be due to the fact that the initial gel
consisted of only eGFP and the deposition of c-mCherry and/or
protein mixing occurred on top of it. Since the concentration of
eGFP remained constant, so did the overall structure of the gel.

4 Conclusions

By carefully controlling interactions in a binary protein system,
we have assembled a nanoarchitecture with tunable domain
sizes. In particular we have used specific interactions between a
trivalent ion (Y3+) to assemble a backbone network of eGFP. In
the second step of assembly, we add another protein mCherry,
which has been cationised such that it does not interact with
the trivalent ion. In order that the mCherry binds to the eGFP
network, we use a nonspecific salt, ammonium sulphate. Our
assembly approach leads to mesoscopic domains of mCherry
on the eGFP network. By tuning the composition of the two
proteins, we find that the domain size can be tuned, and we
deduce that this is due to competing assembly mechanisms of
the mCherry onto the network: at low mCherry concentrations,
mCherry–eGFP encounters dominate, leading to more protein
mixing and smaller domain sizes. Increasing the mCherry

Fig. 5 Gel structural analysis. (a) Radius of gyration of eGFP clusters as a
function of the number of eGFP domains shown to illustrate the calcula-
tion of the fractal dimension, df (b) df of eGFP (green), cationised mCherry
(red) and mixture (yellow) domains according to the different eGFP–
cationised mCherry gel compositions. Note: for eGFP–cationised mCherry
ratios 5 : 1 and 10 : 1, eGFP and cationised mCherry domains have the same
df = 2.5. The latter have been plotted in a smaller size for clarity.
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concentration leads to mCherry–mCherry encounters dominat-
ing instead, such that aggregates of mCherry form prior to
decorating the eGFP network and decreasing mixing.

An interesting possibility for the future would be to develop
computational approaches similar to the ground breaking work
on the crystallisation of rubredoxin by Fusco et al.57 This would
help to shed further light into the protein–salt interactions as
well as the self-assembly and network decoration mechanisms
at play. However, in making analogy with colloidal systems, we
believe that the networks formed here are consistent with
spinodal gelation,53,58 pertaining to systems where strong
attractions, without significant directional dependence drive
gelation, as has been observed previously in lyzozyme gels.59 In
this sense, these are non-equilibrium structures and on long
timescales could perhaps condense further.54

Our work emphasises the complexity of protein–salt inter-
actions and highlights the need for further studies to under-
stand better the specific interactions involved to obtain the
desired structures. To this end, we have investigated selective
control of protein–protein interactions, fundamental to realis-
ing the goal of tunable multi-protein architectures at meso-
scopic lengthscales. Additionally, we have shown the structures
formed are networks and determined the protein–protein inter-
actions with small angle X-ray scattering and found behaviour
consistent with theory.18

By using fluorescent proteins to monitor the protein stabi-
lity, we provide some evidence that the structure may be
preserved during the self-assembly process, since only folded
proteins will contribute to the fluorescence corresponding to
their fluorophore observed in the gels. As such, binary mixtures
of proteins with enzymatic, charge-carrying, antibiotic and
light-harvesting abilities can be designed de novo and
assembled into micron-sized porous networks through the
methodology developed herein.

Compartmentalisation and/or immobilisation of enzymes
allows for the combination of complex multi-step reactions
and mimics the cascade metabolic pathways found in nature.
Additionally, the enzyme close proximity resulting from it,
might improve synergistic interactions between enzymes
involved in sequential reactions.60,61 For applications, immo-
bilisation also improves enzyme operational, thermal, mechan-
ical and storage stability.62 Efforts to immobilise single or
mixtures of enzymes have been obtained before in so called
cross-linked enzyme aggregates (CLEAs), where the proteins are
mixed together in solution, precipitated and crosslinked.60–62

In these aggregates the protein catalytic activity is comparable
with their counterparts in solution.60 In contrast to CLEAs, our
approach offers a better control over the assembly and the
interactions of binary protein structures. In addition, the
porous structure on our gels, might also facilitate the flux of
substrates and products, and might help with the recovery of
the final compounds of interest.

Moreover, the proteins involved in our decorated networks
do not require compatibility or specificity on their mutual
interactions. Additionally, group-specific cross-linking of the
decorated networks can provide further stability and will allow

the elimination of the precipitating salts for future applica-
tions. Finally our methodology is straightforward, cheap, ver-
satile and scalable, and hence, it opens the door for new
strategies to produce a novel class of innovative functional
biomaterials beyond the fluorescent proteins we have used
here to demonstrate the method. For instance, a similar
approach with enzymes can yield advanced materials where
sequential multi-enzyme catalysis can be incorporated; light
harvesting arrays can be obtained for energy transduction; and
electron transfer proteins can form small scale electronics.
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